Background-Glutathione peroxidase-3 (GPx-3) is a selenocysteine-containing plasma protein that scavenges reactive oxygen species in the extracellular compartment. A deficiency of this enzyme has been associated with plateletdependent thrombosis, and a promoter haplotype with reduced function has been associated with stroke risk. Methods and Results-We recently developed a genetic mouse model to assess platelet function and thrombosis in the setting of GPx-3 deficiency. The GPx-3 (Ϫ/Ϫ) mice showed an attenuated bleeding time and an enhanced aggregation response to the agonist ADP compared with wild-type mice. (Ϫ/Ϫ) mice displayed increased plasma levels of soluble P-selectin and decreased plasma cyclic cGMP compared with wild-type mice. ADP infusion-induced platelet aggregation in the pulmonary vasculature produced a more robust platelet activation response in the GPx-3 (Ϫ/Ϫ) than wild-type mice; histological sections from the pulmonary vasculature of GPx-3 (Ϫ/Ϫ) compared with wild-type mice showed increased platelet-rich thrombi and a higher percentage of occluded vessels. Cremaster muscle preparations revealed endothelial dysfunction in the GPx-3 (Ϫ/Ϫ) compared with wild-type mice. With a no-flow ischemia-reperfusion stroke model, (Ϫ/Ϫ) mice had significantly larger cerebral infarctions compared with wild-type mice and plateletdependent strokes. To assess the neuroprotective role of antioxidants in this model, we found that manganese(III) meso-tetrakis(4-benzoic acid)porphyrin treatment reduced stroke size in GPx-3 (Ϫ/Ϫ) mice compared with vehicle-treated controls.
G lutathione peroxidase-3 (GPx-3), a member of the selenocysteine-containing GPx family, is a major antioxidant enzyme in plasma that scavenges reactive oxygen species (ROS) arising from normal metabolism or after oxidative insult, 1 thereby maintaining the vasorelaxant and antithrombotic properties of the vascular endothelium. Of the 5 known GPx isoforms, GPx-3 is the only one found in the extracellular space. 2 Recent studies have demonstrated a correlation between decreased GPx-3 activity and arterial thrombosis in human subjects. 3 Glutathione peroxidase-3 attenuates oxidant stress by reducing hydrogen peroxide and organic hydroperoxides to their corresponding alcohols. In contrast, a deficiency of GPx-3 impairs the reductive metabolism of ROS, leading in part to a decrease in nitric oxide (NO) bioavailability, thereby potentially impairing the inhibitory effect of extracellular (plasma-borne) NO on platelets. 4 An impairment of normal platelet inhibitory mechanisms results in hyperreactive platelets and in a prothrombotic state. To understand better the relationship of GPx-3 with plateletdependent thrombosis, we recently developed a genetic model of GPx-3 deficiency in which to assess platelet function in hemostasis and thrombosis. We hypothesized that GPx-3 deficiency induces platelet activation in vivo and thereby promotes platelet-dependent arterial thrombosis.
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Methods
Glutathione Peroxidase-3 Knockout Mice
To disrupt the GPx-3 gene, a targeting construct was prepared in the pNTVK targeting vector with a 3.57-kb BglII/KpnI, 5Ј arm, which contains intron 1 and a portion of exon 2 of the GPx-3 gene, and a 3.81-kb EcoRI fragment comprising the 3Ј arm, which contains a portion of exon 5 and the 3Ј flanking region of the GPx-3 gene. The neomycin cassette replaced the 3Ј end of exon 2 through the 5Ј end of exon 5 ( Figure 1A ). Recombinants were selected in ES cells and used to produce chimeric mice. Male chimeras were bred with C57Bl/6 females. Brown mice from these matings were genotyped, and mice that were positive for the knockout locus were used in subsequent breeding. Each male chimera showed germline transmission to offspring. Heterozygous knockout mice were backcrossed 10 generations to nC57/Bl/6 mice.
Screening of Knockout Mice
An Ϸ600-bp probe (EcoRV 5Ј probe) was generated with the primers GP3EF (CTAAGCTACATTCCCAGTTG) and GP3EB (GGTTCACT CACCTTAGACTTC) and used to screen for the knockout loci by Southern blot hybridizations after EcoRV digestion of high-molecularweight DNA from mouse tails. The neo insert in the knockout locus adds an EcoRV site, allowing the separation of wild-type (WT; 20 kb) and knockout (5.7 kb; Figure 1B ) loci. Alternatively, we used a polymerase chain reaction (PCR)-based assay. This assay uses 3 primers: EX4F, CAGCTCTTTGAGAAAGGAGATGTG, a forward primer in exon 4; KOF, CCTACCGGTGGATGTGGAATGTGT, a forward primer in the neo insert of the knockout locus; and EX5R, AATGTGGCTTCCTTCCTGAAGAGC, a reverse primer in exon 5 that is located in a region found in both the WT and the knockout locus. The EX4F/EX5R combination yields a fragment of 660 bp (WT), and the KOF/EX5R combination produces a fragment of 323 bp (knockout; Figure 1C ). We have had 100% concordance between results obtained with the Southern blot strategy and the PCR strategy. Mice 16 to 20 weeks of age were used in this study. The GPx-3 (ϩ/Ϫ) and GPx-3 (Ϫ/Ϫ) mice show no overt phenotype compared with WT mice.
Genotype Determination
DNA was obtained by extraction from tail snips. To identify the WT GPx-3 gene, we used the forward primer 5Ј-TATCACCCTACTG CAGACGTAA-3Ј and the reverse primer 5Ј-AATGTGGCTTCCT TCCTGAAGAGC-3Ј to amplify a 485-bp fragment. To detect the neomycin resistance gene cassette present in the GPx-3 (Ϫ/Ϫ) mice, we used the forward primer 5Ј-CCTACCGGTGGATGTGGAATG TGT-3Ј to amplify a 323-bp fragment. Wild-type mice were identified by an exclusive 485-bp PCR product; GPx-3 (Ϫ/Ϫ) mice were Figure 1 . Generation of glutathione peroxidase-3 (GPx-3) knockout mice. A, To disrupt the GPx-3 gene, a targeting construct was prepared in the pNTVK targeting vector. The neomycin cassette replaced the 3Ј end of exon 2 through the 5Ј end of exon 5. B, An Ϸ600-bp probe (EcoRV 5Ј probe) was generated with the primers GP3EF (CTAAGCTACATTCCCAGTTG) and GP3EB (GGTTCACTCAC-CTTAGACTTC) and used to screen for the knockout loci by Southern blot hybridizations following EcoRV digestion of high-molecularweight DNA from mouse tails. C, The EX4F/EX5R combination yields a fragment of 660 bp (wild type [WT]), and the KOF/EX5R combination produces a fragment of 323 bp (knockout). D, WT mice were identified by an exclusive 485-bp polymerase chain reaction (PCR) product; GPx-3 (Ϫ/Ϫ) mice were identified by an exclusive 323-bp PCR product; and GPX-3 (ϩ/Ϫ) mice were identified by having both a 323-bp PCR product and a 485-bp PCR product (D). RV indicates right ventricular.
identified by an exclusive 323-bp PCR product; and GPx-3 (ϩ/Ϫ) mice were identified by having both a 323-bp PCR product and a 485-bp PCR product ( Figure 1D ).
Glutathione Peroxidase-3 Expression via Quantitative Reverse-Transcription Polymerase Chain Reaction
Mouse tissues were homogenized followed by total RNA extraction using the RNeasy kit (Qiagen). Total RNA (3 g) was reverse transcribed with murine Moloney leukemia virus reverse transcriptase (Clontech). Murine GPx-3 cDNA was amplified with TaqMan probes. The expression of GPx-3 was normalized to GAPDH expression by means of the comparative C t method (2 Ϫ⌬⌬Ct ; Applied Biosystems).
Glutathione Peroxidase Activity Assay
The GPx activity was measured indirectly by a coupled reaction with glutathione reductase. Oxidized glutathione, produced on reduction of hydrogen peroxide or an organic hydroperoxide (t-butylhydroperoxide) by GPx-3, is recycled to its reduced state by glutathione reductase and NADPH. The oxidation of NADPH to NADP ϩ is accompanied by a decrease in absorbance at 340 nm that is proportional to GPx-3 activity.
Bleeding Time
Bleeding time was measured through a real-time determination of hemoglobin concentration. Mouse tails were cut and bled into tubes filled with the Drabkin reagent prewarmed at 37°C at 15-second intervals. Aliquots were then measured spectrophotometrically at 540 nm. The bleeding time was determined by taking the intersection of the initial slope and the plateau of the plot of hemoglobin concentration versus time.
Soluble P-Selectin Assay
After the mice were euthanized, plasma was obtained by centrifugation of blood collected in tubes containing 0.1 mol/L (final concentration) EDTA. Samples were then stored at Ϫ80°C until analysis. Plasma was diluted 1:50, and P-selectin was measured with a commercially available immunoassay (MPS00; R&D Systems).
cGMP Assay
After the mice were euthanized, plasma was obtained by centrifugation of blood collected in tubes containing 0.1 mol/L (final concentration) EDTA. Samples were then stored at Ϫ80°C until analysis. Plasma cGMP was measured with a commercially available immunoassay (Cayman Chemical 581021).
Platelet Preparation
After anesthesia (90 mg/kg ketamine, 10 mg/kg xylazine), mouse blood was drawn via cardiac puncture with ACD (65 mmol/L trisodium citrate, 70 mmol/L citric acid, 100 mmol/L dextrose, pH 6.5) as the anticoagulant. The blood was diluted with an equal volume of modified Tyrode buffer (137 mmol/L NaCl, 2.8 mmol/L KCl, 1 mmol/L MgCl 2 , 12 mmol/L NaHCO 3 , 0.4 mmol/L Na 2 HPO 4 , 0.35% bovine serum albumin, 10 mmol/L Hepes, 5.5 mmol/L glucose), pH 7.4, and centrifuged at 100g for 15 minutes at 22°C to obtain platelet-rich plasma. The platelet-rich plasma was further centrifuged at 1200g to isolate the platelet pellet and washed with a Hepes-saline buffer containing 1% prostaglandin E 1 . The washed platelet pellet was reconstituted in modified Tyrode buffer and normalized to 2ϫ10 8 platelets per 1 mL. Platelet-poor plasma was obtained by centrifugation of platelet-rich plasma or venous blood at 1200g for 15 minutes.
Platelet Aggregation
Mouse platelet aggregation was performed with light transmittance aggregometry (Bio Data Corp). The platelet agonist ADP (A2754; Sigma-Aldrich) was used to stimulate platelet aggregation. Briefly, 150 L washed platelets resuspended in modified Tyrode buffer were combined with 150 L plasma from mice (WT or (Ϫ/Ϫ) ). After stirring for 1 minute, 20 mol/L ADP was added to the platelet/plasma mixture, and aggregation was recorded for 4 minutes.
Assessment of Endothelial Function
Male mice were anesthetized (90 mg/kg ketamine, 10 mg/kg xylazine), and the cremaster muscle was isolated in situ to assess endothelial function. Bright-field microscopy was used to obtain images. Methacholine (10 Ϫ10 to 10 Ϫ6 mol/L) or bradykinin (10 Ϫ10 to 10 Ϫ6 mol/L) was superinfused onto the cremaster muscle, and changes in vessel diameter were recorded. Diethylenetriamine NONOate (10 Ϫ11 to 10 Ϫ7 mol/L) was also superfused as an endothelium-independent vasodilator control.
Pulmonary Thromboembolism Model
Mice were anesthetized with a ketamine (80 mg/mL)/xylazine (10 mg/mL) mixture. An incision was made on the ventral side of the neck to expose the right jugular vein. An Ultra-Miniature Mikro-Tip Pressure Transducer 1.4F catheter (Millar Instruments) was inserted into the right jugular vein and advanced into the right ventricle. Right ventricular pressures were measured for Ϸ5 minutes with the MPVS 400 system (Millar Instruments) to establish the baseline. The left jugular vein was exposed, and a cannula was inserted and secured in the vein. Increasing doses of ADP (0.1 to 10 mol/L administered at 80 L/min at 3-minute intervals between doses) were administered while the dose-dependent changes in right ventricular pressure to the platelet agonist were monitored.
Lung Histology
Lung sections were processed and stained with an anti-P-selectin (C20; Santa Cruz Biotechnology) antibody, 1:50 dilution, followed by the goat ABC staining system (sc-2023; Santa Cruz Biotechnology).
Middle Cerebral Artery Occlusion Model
Mice were anesthetized with 1.5% isoflurane in a mixture of 30% oxygen and 70% nitrous oxide. A flexible 0.5-mm fiberoptic probe was affixed to the skull over the brain cortex supplied by the middle cerebral artery (MCA) for relative cerebral blood flow measurements by laser Doppler flowmetry (Perimed). Baseline cerebral blood flow values measured before internal carotid artery occlusion were defined as 100% flow. An incision was made in the common carotid artery, and a silicon-covered 8 -0 nylon monofilament (Doccol) was advanced through internal carotid artery to the origin of the anterior cerebral artery to occlude the MCA and posterior communicating artery. Middle cerebral artery occlusion (MCAO) was documented by a decrease in the laser Doppler signal to Ͻ20% of control values, after which the monofilament was secured in place. Mice were subjected to 1 hour of ischemia followed by removal of the filament after 1 hour. Mice were allowed to recover from surgery and then were evaluated for neurological deficits; they were euthanized 23 hours later for brain histology.
Neurological Scoring
Twenty-four hours after MCAO, mice were analyzed for neurological deficits with a 5-point scale. Normal motor function was scored as 0, flexion of the contralateral torso and forelimb by lifting the mouse by the tail as 1, circling to the contralateral side but normal posture at rest as 2, leaning to the contralateral side at rest as 3, and no spontaneous motor activity as 4.
Measurement of Infarct Volume
Infarct size was determined by staining with 2,3,5-triphenyltetrazolium chloride. Brains were cut into 2-mm-thick coronal sections and stained with 1% 2,3,5-triphenyltetrazolium chloride at 37°C for 1 hour. Sections were then analyzed with ImageJ, and infarct sizes were determined with the indirect method, which corrects for edema and volume loss from (putrefaction) necrosis.
Pharmacological Interventions in the Middle Cerebral Artery Occlusion Model
Mice were injected with 30 mg/kg clopidogrel hydrogen sulfate (Sigma) intraperitoneally 1 hour before the MCAO ischemia/ reperfusion procedure. Mice were injected with 30 mg/kg manganese(III) meso-tetrakis(4-benzoic acid)porphyrin (MnTBAP), a superoxide dismutase and peroxidase mimetic, 5, 6 intraperitoneally 30 minutes before the MCAO ischemia/reperfusion procedure.
Statistics
All results are expressed as meanϮSE. Statistical analysis was performed with the Student t test method to analyze GPx-3 mRNA expression, GPx-3 activity, bleeding times, plasma P-selectin, plasma cGMP, and quantification of histological analysis. In some cases, statistical analysis was performed with 1-way ANOVA, 2-way ANOVA, or repeated measures ANOVA and appropriate posthoc tests (Student-Newman Keuls, Kruskal-Wallis, Tukey). Differences of PϽ0.05 were considered significant. Linear regression was performed to analyze the association between stroke infarct volume and neurological deficit score.
All experiments were approved by the Harvard Medical School Institutional Animal Care and Use Committee. Experimental success rates (defined as completion of each protocol) for the bleeding times, endothelial function, pulmonary thromboembolism, and MCAO models were 100%, 75%, 80%, and 80%, respectively.
Results
Glutathione Peroxidase-3 mRNA Expression
Glutathione peroxidase-3 mRNA expression was measured in mouse tissues via quantitative reverse-transcription PCR. In the WT mouse, GPx-3 was most highly expressed in the kidney, with the lowest expression levels in the liver ( Figure  2A ). The GPx-3 (ϩ/Ϫ) mice showed an Ϸ50% reduction in renal expression compared with WT mice, whereas GPx-3 (Ϫ/Ϫ) mice had virtually undetectable levels of renal expression (PϽ0.05; Figure 2B ).
Plasma Glutathione Peroxidase Activity
The level of GPx-3 activity in the plasma from GPx-3 (Ϫ/Ϫ) mice or WT littermates was measured by a coupled spectrophotometric assay with H 2 O 2 and GSH (reduced glutathione) as cosubstrates. The GPx-3 activity was significantly decreased in plasma samples from GPx-3 (Ϫ/Ϫ) mice (Ϸ20% residual activity, which likely reflects peroxidase activity from a non-GPx-3 source),and GPx-3 (ϩ/Ϫ) mice (Ϸ50%) compared with WT littermates (PϽ0.001; Figure 2C ).
Bleeding Times
The GPx-3 (Ϫ/Ϫ) mice showed an attenuated bleeding time compared with WT mice (94.5Ϯ14. 4 Figure 3A ).
Plasma Concentrations of Soluble P-selectin
Soluble P-selectin, a marker of platelet and prothrombotic activity, was measured in the plasma from GPx-3 (Ϫ/Ϫ) mice or GPx-3 (ϩ/ϩ) littermates by ELISA. The GPx-3 (Ϫ/Ϫ) mice showed significantly higher plasma soluble P-selectin levels compared with the WT littermates (137.8Ϯ12.3 versus 101.5Ϯ8.8 ng/mL plasma; PϽ0.05; Figure 3B ).
Plasma cGMP
Cyclic GMP, a key second messenger molecule and marker for activation of soluble guanylyl cyclase by nitric oxide, was measured in plasma from GPx-3 (Ϫ/Ϫ) or GPx-3 (ϩ/Ϫ) mice by ELISA. The plasma from GPx-3 (Ϫ/Ϫ) mice had significantly lower cGMP levels compared with the WT littermates (5.38Ϯ1.75 versus 23.67Ϯ3.59 pmol/mL plasma; Pϭ0.001; Figure 3C ).
Platelet Aggregation Response to Agonist
To assess the ability of GPx-3 to inhibit platelet aggregation, washed platelets were added to platelet-poor plasma from either GPx-3 (Ϫ/Ϫ) or from GPx-3 (ϩ/ϩ) mice. The agonist ADP 20 mol/L was added to the mixture, and aggregation was measured via light transmittance aggregometry. The GPx-3 (Ϫ/Ϫ) mice had an average maximal extent of aggregation of -3) . A, The GPx-3 mRNA expression levels in tissues from 3 GPx-3 (ϩ/ϩ) mice all normalized to the kidney. B, The GPx-3 mRNA expression levels in the kidney across different genotypes normalized to that of the GPx-3 (ϩ/ϩ) mouse (nϭ4 or 5 for each genotype). Results seen in the kidney are representative for all tissues analyzed in A. C, The GPx-3 activity was Ϸ40% lower in GPx-3 (ϩ/Ϫ) (nϭ3) mice compared with GPx-3 (ϩ/ϩ) mice (nϭ3), whereas GPx-3 (Ϫ/Ϫ) (nϭ3) mice showed an Ϸ80% reduction in activity. WT indicates wild type.
42Ϯ2% compared with 24Ϯ1% for GPx-3 (ϩ/ϩ) mice ( Figure  4A ; PϽ0.001). The GPx-3 (ϩ/Ϫ) mice had an average maximal extent of aggregation of 34Ϯ2% compared with 24Ϯ1% for GPx-3 (ϩ/ϩ) mice ( Figure 4A ; PϽ0.001).
Endothelial Function
To assess endothelial function, the cremaster muscle was isolated in anesthetized mice, and methacholine was superinfused at increasing concentrations while the dilatory response was measured via light microscopy. The GPx-3 (ϩ/ϩ) mice showed a 9.7Ϯ2.3% increase in vessel diameter normalized to baseline at 1ϫ10 Ϫ7 mol/L methacholine compared with a 38.0Ϯ9.5% decrease in vessel diameter in GPx-3 mice over the full concentration range studied (data not shown).
Thromboembolic Response In Situ
To determine whether GPx-3 deficiency would contribute to platelet-dependent thromboembolism in vivo, ADP was infused in the left jugular vein while right ventricular systolic pressure was simultaneously recorded in the mice. The results of this experiment showed the highest increase in pulmonary artery pressure normalized to baseline in GPx-3 (Ϫ/Ϫ) mice ( Figure 5B ) compared with GPx-3 (ϩ/ϩ) mice ( Figure 5A ) at the peak ADP infusion concentration (0.1 mol/L) (29.3Ϯ5.1% versus 3.68Ϯ8.06%; Pϭ0.028; Figure 5C ), suggesting a more robust platelet activation response in the GPx-3-deficient mice. The GPx-3 (Ϫ/Ϫ) mice had a higher mortality rate compared with the GPx-3 (ϩ/ϩ) mice (36% versus 9%), resulting in part from enhanced platelet-dependent thrombosis ( Figure 5D ).
Histological and Immunohistochemical Analyses of Thromboembolism Formation
Histological sections from the pulmonary vasculature of GPx-3 (Ϫ/Ϫ) ( Figure 6B ) compared with GPx-3 (ϩ/ϩ) mice ( Figure 6A ) showed significantly increased thrombi per 7.5-mm 2 lung section on the basis of staining intensity for P-selectin (1.7Ϯ0.4 versus 1.0Ϯ0.1; PϽ0.001; Figure 6D ), in addition to a significantly higher percentage of occluded vessels (82Ϯ16% versus 54Ϯ21%; PϽ0.05; Figure 6C ).
Middle Cerebral Artery Occlusion Ischemia/Reperfusion
The middle cerebral artery was occluded in mice for 1 hour followed by 23 hours of reperfusion to determine the effects of GPx-3 deficiency on stroke size (Figure 7) . The GPx-3 
Neurological Deficit Scoring
Neurological deficit scoring was conducted after the MCAO ischemia/reperfusion procedure to determine the extent of neurological injury. The GPx-3 (ϩ/ϩ) mice had an average neurological score of 1.7Ϯ0.3; GPx-3 (ϩ/Ϫ) mice, 3.0Ϯ0.4; and GPx-3 (Ϫ/Ϫ) mice, 3.4Ϯ0.3 (Pϭ0.014, 1-way ANOVA; Figure 7K ). The GPx-3 (ϩ/Ϫ) mice pretreated with MnTBAP had a score of 1.8Ϯ0.3 (Pϭ0.025; Figure 6K ).
Effect of Platelet Inhibition on Stroke Size and Neurological Deficit
To determine the role that platelets may play in these strokes, we pretreated mice with clopidogrel, a thienopyridine inhib- Gene dose response of glutathione peroxidase-3 (GPx-3) on primary hemostasis and plasma levels of P-selectin and cGMP. A, To investigate the gene dose response that GPx-3 may have on primary hemostasis, we determined bleeding times in these animals. Both GPx-3 (ϩ/Ϫ) (nϭ6) and GPx-3 (Ϫ/Ϫ) (nϭ5) mice showed attenuated bleeding times compared with GPx-3 (ϩ/ϩ) mice (nϭ5). B, Soluble P-selectin (sPselectin) was analyzed in the plasma as a marker for platelet activity (nϭ5 for each genotype). A decrease in GPx-3 results in increased soluble P-selectin levels. C, cGMP, an indirect measure of nitric oxide bioavailability, was analyzed in plasma. The GPx-3 (Ϫ/Ϫ) mice showed an Ϸ80% reduction in cGMP levels compared with GPx-3 (ϩ/ϩ) mice (nϭ3 for each genotype).
itor of platelet aggregation that binds to the P2Y 12 receptor and prevents purinergic activation, 1 hour before the MCAO ischemia/reperfusion was performed. The GPx-3 (ϩ/ϩ) mice treated with clopidogrel had an average infarct volume of 7.02Ϯ5.544 mm 3 ( Figure 7C and 7J) compared with 19.35Ϯ2.09 mm 3 in vehicle-treated GPx-3 (ϩ/ϩ) mice (Pϭ0.046; Figure 7A and 7J). The GPx-3 (ϩ/Ϫ) mice pretreated with clopidogrel had an average infarct volume of 6.19Ϯ1.64 mm 3 ( Figure 7F and 7J) compared with 97.29Ϯ13.27 mm 3 in vehicletreated GPx-3 (ϩ/Ϫ) mice (PϽ0.001; Figure 7D and 7J). The GPx-3 (Ϫ/Ϫ) mice pretreated with clopidogrel had an average infarct volume of 12.38Ϯ8.73 mm 3 ( Figure 7I and 7J) compared with 117.48Ϯ7.99 mm 3 in vehicle-treated GPx-3 (Ϫ/Ϫ) mice (PϽ0.001; Figure 7G and 7J). The GPx-3 (ϩ/ϩ) mice pretreated with clopidogrel had an average neurological score of 0.3Ϯ0.2, and GPx-3 (ϩ/Ϫ) mice pretreated with clopidogrel had a score of 0.5Ϯ0.2 (Pϭ0.017). These results indicate that the infarcts generated from the ischemia/reperfusion procedure are platelet dependent in nature and support the importance of GPx-3 deficiency in modulating this platelet-dependent response.
Antioxidant Treatment on Stroke Size and Neurological Deficit
To test the potential benefit of reducing ROS generation pharmacologically on stroke size, MnTBAP, a superoxide dismutase and peroxidase mimetic, 5, 6 was injected into mice 30 minutes before the MCAO ischemia/reperfusion was performed. The GPx-3 (ϩ/Ϫ) mice pretreated with MnTBAP had an average infarct volume of 14.09Ϯ5.27 mm 3 ( Figure  7E and 7J) compared with 97.29Ϯ13.27 mm 3 in vehicletreated GPx-3 (ϩ/Ϫ) mice (PϽ0.001; Figure 7D and 7J). 
Discussion
In this study, we developed a mouse model that recapitulated the phenotype reported by our group in 2 brothers with GPx-3 deficiency who had arterial thrombosis and stroke syndromes. 7 These patients were found to have an Ϸ3-fold increase in plasma H 2 O 2 levels, decreased GPx-3 activity, and an attenuation of the normal platelet inhibitory response to NO as a result of impaired metabolism of ROS. The GPx-3 activity was reduced in the plasma of the 2 brothers compared with age-matched control subjects, and the attenuation of normal platelet inhibition was normalized by the addition of exogenous GPx. The data suggested that enhanced ROS flux impairs normal platelet inhibition.
Although we did not unequivocally demonstrate the specific ROS mechanism(s) responsible for enhanced plateletdependent thrombosis in these early studies, several possibilities should be considered. Platelets generate superoxide, 8 as well as hydrogen peroxide and lipid peroxides, on activation, which can promote platelet activation and impair the inhibitory action of NO on platelets. 9 In support of these proposed mechanisms, we have previously shown that lipid peroxides enhance platelet activation and aggregation, that they decrease bioactive NO and platelet cGMP accumulation, and that GPx prevents these effects. 10 Superoxide can directly react with NO to form peroxynitrite; however, neither lipid peroxides nor hydrogen peroxide can directly react with NO to inactivate it. Derivative peroxyl 11 or hydroxyl 12 radicals can do so and are likely to be generated from the reaction of parent peroxides with redox-active iron generated during platelet activation and aggregation. 13 Furthermore, oxidation of tetrahydrobiopterin by ROS may also lead to endothelial dysfunction as manifested by attenuated NO synthesis (and uncoupled NO synthase-dependent superoxide generation). 14 The extent to which each or any of these reactions accounts for enhanced platelet activation in vivo is difficult to ascertain owing to limitations of measuring intermediates, the complexity and multiplicity of the reactions that occur in the intracellular environment, 15 and the uncertainty of the mi- Figure 4 . Gene dose response of glutathione peroxidase-3 (GPx-3) on platelet aggregation and endothelial function. A, To determine the effects of GPx-3 deficiency on platelet aggregation, platelet-poor plasma was isolated from each genotype and mixed with washed platelets from wild-type litter mates. The platelet agonist ADP (20 mol/L) was then added to the mixture, and the maximal extent of aggregation was measured in 5 to 12 mice for each genotype using light transmittance aggregometry at 4 minutes. B, To assess the consequences of GPx-3 deficiency on endothelial function, the cremaster muscle was isolated in situ in mice, and methacholine was superinfused onto the preparation while the response was measured via light microscopy. The percent change in vessel diameter reported has been normalized to their respective measurements at baseline for 3 mice of each genotype.
croenvironmental concentrations of coreactants in the extracellular space in the immediate vicinity of an aggregated platelet.
From these data and our initial observations, we concluded that GPx-3 deficiency impairs the metabolism of ROS, ultimately resulting in a prothrombotic state. Subsequent follow-up studies conducted in our laboratory identified a link between a dysfunctional promoter haplotype in the GPx-3 gene and arterial ischemic stroke, 3 as well as cerebral venous thrombosis, 16 both in large unrelated cohorts. Produced primarily in the kidney, GPx-3 is the only isoform in the GPx family that is exclusively found in the extracellular compartment. Although its specific activity is only 10% that of the ubiquitously expressed cellular isoform GPx-1, it is the most important antioxidant enzyme in the extracellular compartment. To investigate further the link between GPx-3 deficiency and stroke, we created a GPx-3 knockout mouse model. We hypothesized that GPx-3 deficiency promotes platelet-dependent thrombosis after vascular injury and tested this hypothesis using several experimental approaches.
The tissue and vasculature of GPx-3-null mice are subject to greater injury and dysfunction not only by the profound oxidant stress of acute ischemia/reperfusion injury, but also by low-level oxidant stress occurring throughout the lifetime of these animals. This point is illustrated by the increase in basal levels of soluble P-selectin and the decrease in cGMP in the GPx-3 (Ϫ/Ϫ) plasma compared with that from WT animals. The low-level oxidant stress occurring throughout the lifetime of these knockout animals may result in increased susceptibility to platelet activation and aggregation, predisposing to thrombus formation. This point is evident in the bleeding time assay in which GPx-3 (Ϫ/Ϫ) mice showed attenuated bleeding times compared with GPx-3 (ϩ/ϩ) mice. Platelet aggregation studies also revealed hyperreactivity to ADP of WT platelets suspended in plasma taken from GPx-3 (Ϫ/Ϫ) mice compared with GPx-3 (ϩ/ϩ) mice, which recapitulated the findings in the original human study. 7 We next administered ADP into the pulmonary vasculature to test the ability of GPx-3 or the lack thereof to maintain inhibition mice, consistent with a platelet-dependent acute thrombotic process. This platelet-dependent thrombosis, coupled with the potential for pulmonary vascular endothelial dysfunction (as suggested by the cremaster muscle vascular experiments), offers a ready explanation for the increased mortality in the GPx-3 (Ϫ/Ϫ) mice compared with the WT mice. Perhaps the most relevant findings of this study are the effects of GPx-3 deficiency on cerebral infarction via transient ischemia/reperfusion in the MCA. A GPx-3 deficiency resulted in significantly larger strokes compared with GPx-3 (ϩ/ϩ) mice, which may be a consequence of both enhanced platelet activation and impaired endothelial function in the setting of increased oxidant stress accompanying vascular occlusion and reperfusion injury. The larger strokes seen in the GPx-3-deficient mice correlated with higher (worse) neurological scores. The pretreatment of GPx-3-deficient mice with the platelet inhibitor clopidogrel clearly showed the platelet-dependent nature of the strokes: GPx-3-deficient mice treated with clopidogrel had relatively small, focal infarcts associated with lower (better) neurological scores, whereas GPx-3-deficient mice treated with vehicle (saline) had strokes encompassing major portions of the affected hemisphere associated with higher (worse) neurological scores.
Prior studies have demonstrated an association between decreased plasma GPx-3 activity and arterial thrombosis. 17, 18 During platelet activation, ROS are generated in abundance and facilitate recruitment of platelets to the growing platelet plug (thrombus). Hydrogen peroxide (H 2 O 2 ) production as a result of collagen-stimulated platelet activation has been shown to achieve concentrations up to 1 mmol/L, 19 and this peroxide increase can have other (non-NO-dependent) effects on platelet signaling that enhance aggregation. Redondo and colleagues 20 determined that H 2 O 2 mediates changes in intracellular Ca 2ϩ levels and affects Ca 2ϩ -related mechanisms through sulfydryl oxidation-dependent and -independent mechanisms within platelets. The modulation of intracellular Ca 2ϩ levels by H 2 O 2 occurs through stimulatory Ca 2ϩ release from the dense tubular system and from mitochondria within the platelets. 21, 22 In addition, H 2 O 2 inhibits Ca 2ϩ reuptake into the dense tubular system, mediated by the sarcoendoplasmic reticulum Ca 2ϩ ATPase. 23 Plasma membrane Ca 2ϩ ATPase, which is responsible for the extrusion of Ca 2ϩ from the platelet, is significantly attenuated when exposed to H 2 O 2 . 24 Therefore, the combined effects that H 2 O 2 exerts on platelets result in an overall increase in platelet activation.
Pretreatment of GPx-3-deficient mice with MnTBAP, a superoxide dismutase and peroxidase (as well as peroxynitrate reductase) 25 mimetic, reduced stroke size. By preventing the accumulation of ROS (including H 2 O 2 and lipid peroxides), GPx-3 limits further platelet activation and maintains the bioavailability of NO, further limiting platelet thrombus expansion. Thus, a deficiency of GPx-3 impairs the metabolism of ROS, leading to enhanced platelet activation and endothelial dysfunction by a variety of potential mechanisms and perhaps impairing neurocytoprotection. Taken together, these abnormalities in the vascular redox environment result in hyperreactive platelets and the potential for plateletdependent thrombosis (Figure 8) .
The balance between NO generation and ROS production helps maintain normal platelet inhibition without compromising protective hemostasis. Platelet-derived NO regulates platelet activation and aggregation by maintaining platelets in their resting state. Superoxide, produced in activated platelets by NADPH oxidase, increases both platelet adhesion and aggregation, 26 in part by reacting with NO to form peroxyni- trite, resulting in decreased NO bioavailability. Other platelet-derived ROS include OH Ϫ and H 2 O 2 , both generated by resting and activated platelets. 27 This endogenous formation of ROS suggests that they may have both autocrine and paracrine effects on platelet activation, aggregation, and ultimately thrombus formation.
NADPH oxidase consists of membrane-bound components (gp91-phox and p22-phox), cytosolic proteins (p47-phox, p67-phox, and p40-phox), and Rac, a small GTP-binding protein. Seno and colleagues 28 first showed evidence of NADPH oxidase activity in platelets by detecting p22-phox and p67-phox in platelet lysates. Krotz and coworkers 29 Effect of glutathione peroxidase-3 (GPx-3) on platelets. Glutathione peroxidase-3 (GPx-3) is an enzyme that protects cells from oxidative damage via the reduction of hydrogen peroxide and organic hydroperoxides. By preventing the accumulation of reactive oxygen species (ROS), GPx-3 limits their effects on platelet function and maintains the bioavailability of nitric oxide (NO); thus, a deficiency of GPx-3 impairs the metabolism of ROS, leading to their potentiation of platelet activation and to a decrease in NO bioavailability both by decreasing tetrahydrobiopterin (BH 4 ) levels (which uncouples endothelial nitric oxide synthase [eNOS] ) and by oxidatively inactivating NO (eg, via superoxide and lipid peroxyl radical formation). These effects impair normal platelet inhibitory mechanisms, leading to hyperreactive platelets and the potential for platelet-dependent thrombosis.
showed that NADPH oxidase-dependent platelet superoxide release increases platelet aggregation; these investigators also showed that superoxide generated from NADPH oxidase enhanced thrombus formation by inhibiting NTPDase1, resulting in an increase in platelet agonist ADP bioavailability. Another mechanism by which superoxide contributes to thrombus formation is by disrupting the redox potentialdependent regulation (GSH/GSSG ratio) of the platelet fibrinogen receptor (glycoprotein IIb/IIIa). 30 Superoxide can also directly react with growth-stimulating hormone, increasing GSSG production and superoxide generation. 31, 32 Other studies have shown that superoxide reduces the threshold for platelet activation to thrombin, collagen, and ADP and may even induce spontaneous aggregation. 26 Thus, GPx-3 can be viewed as an important determinant of vascular redox homeostasis crucial to modulation of the susceptibility of platelets to activation and aggregation.
Conclusions
Glutathione peroxidase-3 deficiency results in enhanced ROS flux and platelet activation, in part owing to decreased NO bioavailability in the plasma. A GPx-3 deficiency results in attenuated bleeding times and a more robust platelet activation response, as evidenced by higher levels of aggregation in GPx-3-deficient mouse plasma compared with WT control plasma, as well as higher right ventricular systolic pressures and more thrombi present in the pulmonary vasculature in response to ADP infusion. Endothelial function studies revealed dysfunction in the GPx-3-deficient mice compared with WT controls. The MCAO ischemia/reperfusion experiments showed larger strokes in GPx-3-deficient mice compared with WT controls. The reduction in stroke size with the administration of clopidogrel, an antiplatelet agent, showed that the cerebral infarcts created were platelet dependent and supports the role of GPx-3 in maintaining normal platelet inhibition and endothelial function. The reduction in stroke size with MnTBAP supports the importance of oxidant stress in platelet-dependent thrombosis and cerebral infarction in this model. We conclude that GPx-3 deficiency promotes platelet-dependent thrombosis and enhances arterial thrombotic risk.
